Graphene was grown on a Ni (111) thin layer, used as a substrate. The Ni layer itself was grown on single crystal sapphire (0001). Carbon was deposited by chemical vapor deposition using a mixture of methane, argon and hydrogen at atmospheric pressure implementing a constant gas flow (4.8-5 l/min) varying both the gas composition and the deposition temperature 
Introduction
Both charge carrier mobility and thermal conductivity of graphene make it a promising candidate for becoming a future microelectronic material [1] [2] [3] [4] [5] [6] . The best carrier mobility was measured in graphene that was prepared by mechanical exfoliation from graphite [7] .
Unfortunately this method cannot be scaled up to industrial usage.
One of the most promising methods to produce graphene for electronic applications is chemical vapor deposition (CVD) on different metal substrates [8] . The most frequently used metal substrate is copper [9] . A big advantage of Cu against Ni or Co is that mainly single layer graphene grows on top of it because it has a very low solubility for carbon at high temperatures unlike nickel or cobalt. The graphene grown on copper may contain many grain boundaries (GB) [10] , which reduce carrier mobility [11] . Consequently, it is not optimal for electronic applications. Another difficulty is that the melting point of the copper (1083 o C) is near to the temperature of carbon deposition (900°C) resulting in the development of a strong step structure during graphene growth [12] [13] . The nano-wrinkles originating from this step structure will be present even after transfer of the grown graphene layer onto SiO 2 and will have a negative effect on electric transport [14] .
Large area graphene can also be grown on single crystal nickel substrate with [111] orientation [15] . Nickel has a higher melting point (1453 o C) than copper, but non-negligible amounts of carbon are dissolved into it at high deposition temperatures (>600°C). Dissolved carbon atoms precipitate on the surface of the substrate during the cooling period and they form graphene. If the nickel substrate contains grain boundaries, they act as a fast diffusion path and the precipitated carbon concentration is increased at the grain boundaries. A second layer of graphene or few layer graphite can also form at locations where the carbon concentration is too high (e.g. above the Ni grain boundaries) [15] [16] [17] . Therefore, a solution to this problem can be the use of single crystal nickel (sc-Ni) without GBs as a substrate to avoid inhomogeneous carbon precipitation and formation of concomitant carbon deposits [15, [18] [19] [20] [21] . A very small lattice misfit (1.3%) exists between Ni [111] and graphene, so an epitaxial growth is anticipated and growth of graphene without GBs seems to be possible. The sc-Ni is expensive, so a possible economic solution is to grow a Ni [111] thin film on sc-MgO [18] or on sc-sapphire and use it as a substrate for the subsequent growth of graphene [22] .
Graphene grown on Ni (111) contains only a few defects as shown by Raman studies [18, 22] .
Low energy electron diffraction (LEED) examinations confirmed that graphene can grow epitaxially on Ni (111) below 600 o C [18, 23, 24, 25, 26, 27] . The epitaxy breaks down above 600 o C, the orientation of the layer rotated with 17° to the nickel becomes dominant and turbostratic carbon formed on the surface [24, 25, 28] . The authors of those publications did not explain the value of the observed rotation but concluded that epitaxy is not formed above 600°C substrate temperature. As a single exception, isolated triangular graphene domains were formed epitaxial on the Ni (111) substrate under extremely low growth rate at 925 o C temperature, observed by in-situ LEEM and PEEM [29] . We show here that formation of epitaxial graphene is also possible at that high temperature even at usual growth rates.
Theoretical simulations of defect-free growth showed that the arriving carbon atoms have only one energetically favorable arrangement on the surface of Ni (111). That arrangement is called the Rosai structure (hollow site), and only that arrangement provides a global minimum in the interaction energy between the substrate surface and the graphene layer [30] . However, scanning tunneling microscopy (STM) studies demonstrated the presence of GBs in the graphene grown on Ni (111), which was attributed to the fact that monolayer NiC can form locally on the nickel surface and on that NiC the graphene will not grow epitaxially [21] . The presence of single layer thin NiC was only observed below 460 o C [21, 31] . When deposition temperature exceeded 600 o C only graphene was formed [18] .
It is shown in this paper that (in contrast to previous studies) large areas of predominantly epitaxial graphene can be grown on thin Ni (111) film substrate even at higher temperatures (900-980 o C). The Ni film itself was previously grown on sc-sapphire [32] . The atomic structure of the graphene and its orientation relationship with the nickel substrate were examined in detail.
Experimental methods
Graphene was deposited by CVD on a Ni (111) thin layer substrate, which had been prepared by sputtering Ni on sc-sapphire (0001) in ultrahigh vacuum (UHV) [32] . The thickness of the nickel layers were 375 nm. Twin boundaries were found in the nickel thin layers. Some of layers contain grains with 30 o rotation. Location of these rotated areas might correspond to places where the sapphire might be dirty. In an effort to economize on materials costs polycrystalline nickel sputtered on SiO 2 at 550 o C was also used as a cheap substrate at the early stage of the experiments for the optimization of the deposition parameters of the CVD process. The CVD experiments were performed in atmospheric pressure at a constant Table 1 .
The graphene grown on nickel was examined with optical microscopy, Raman spectroscopy, atomic force microscopy (AFM), STM, with different transmission electron microscopes (TEM) (Philips CM20 operated at 200 keV and JEOL 2010 spherical aberration (C s ) corrected HRTEM operated at 80 keV [33] ). Since additional flakes also appeared on top the single layer graphene, the orientation relation and locations of formation of the multilayer flakes were also studied with scanning electron microscopy (SEM) and electron backscattered diffraction (EBSD).
For the TEM studies the graphene was transferred from the nickel surface to a commercial holey amorphous carbon membrane on a gold TEM grid (commercial product of Quantifoil Micro Tools GmbH). The hole-size in the grid was 2 m and the holes were separated 4 m from each other. The transfer procedure started with dropping a drop of alcohol on the graphene surface then placing the TEM grid over it. Next, another drop of alcohol was dropped to the TEM grid and the sample was placed on an 180 o C hotplate to reach good sticking. When the alcohol evaporated, the holey amorphous carbon stuck to the graphene surface. After that the nickel was dissolved in FeCl 3 from under the graphene. When the Ni was dissolved completely, the sample was washed in distilled water and dried [34] . Fast evaporation of alcohol is important for good sticking. In that way it was possible to reach that almost the entire surface of the holey amorphous carbon stuck to the graphene surface.
An FEI Quanta 3D FEG scanning electron microscope was utilized for recording SEM images and backscattered electron diffraction (EBSD) patterns. For the EBSD measurements the sample was tilted to 70 as usual, with working distance of 12 mm and incoming electron energy of 20 keV. The EBSD Kikuchi patterns were detected using a high resolution Hikari camera. From the Kikuchi patterns an orientation map of the Ni layer was constructed.
Both the STM and AFM measurements were carried out with a Bruker MultiMode 8 microscope with Nanoscope V controller. The AFM data were acquired in tapping mode using Nanosensors SuperSharpSilicon tips (SSS-NCH-20), with 2 nm typical tip radius. The typical STM measurement parameters were 1 nA tunneling current and 100 mV bias voltage.
The Raman spectra were recorded using a Renishaw 1000 MB Raman microscope. The excitation source was the 488 nm line of an Ar + laser with incident power in the mW range in order to avoid excessive heating of the sample, using a laser spot with a diameter of 20 µm.
Results
Both types of our substrates (Ni (111), grown over sapphire and polycrystalline Ni, grown on SiO 2 ) were annealed in hydrogen prior to the carbon deposition to reduce surface oxidation.
Additionally, the nickel grain size also increased with annealing. In the Ni (111) and the composition of the phase was also confirmed with EDS. The appearance of such phases was also reported in the literature [35] [36] .
During cooling it is important to add hydrogen to the argon gas flow, because if only argon is used, a significant quantity of weakly bound carbon (most probably in amorphous form)
remains deposited on the top of the nickel and graphene. The effect is illustrated for the case of the polycrystalline Ni substrate. and a carrier gas to remove C atoms [37] . The AFM studies showed that these flakes are above the continuously grown single layer graphene and they are not situated between the nickel and the graphene (figure 4). If the flakes would be situated underneath the grown graphene, like it was recently reported for a Cu island on Cu (111) formed underneath the graphene layer [38] , the slope of the AFM profile at the edges of the flakes would be smaller as reported for example for Au islands under graphene (see Fig. 1 .c in [39] ). Moreover, a linecut taken through a small enough size hollow between the islands -over which the graphene would be suspended, if the islands would be situated underneath the graphene layer -clearly shows that this is not the case (Fig. 4) . The Only one dominant orientation of the graphene was found by TEM by sampling several flakefree areas far (10 μm-1 mm away) from each other. This fact is interpreted as the graphene extending over about 1 mm wide area follows epitaxially the substrate surface structure.
Selected area electron diffraction patterns from such areas are shown in Figure 9 . In addition to the spots of the dominant orientation, additional smeared small spots also appeared that must originate from smaller grains. The graphene with dominant orientation is about 2/3 part of the total area, based on the relative intensity of its diffraction spots in the SAED images.
These smaller grains were also found in the HRTEM images recorded from the single layer graphene. A grain boundary between the large dominant orientation and a small grain is shown in Figure 10 Raman investigations were performed on graphene layers transferred to TEM grids, because the Raman spectrometer is not able to detect graphene on top of nickel. The Raman studies were done on samples with low flake density, where the flake-free areas are larger than the area sampled by Raman (the laser spot was 20 μm). It was straightforward to obtain a spectrum of pure graphene from the spectra recorded on the sample with low flake density ( figure 3, sample 6 ). Since the transferred graphene was inseparable from an amorphous carbon support film, the effect of this support film had to be removed. First the Raman spectrum was recorded on an average area where the graphene was situated above the amorphous support film and the spectrum also contained the contribution from the amorphous support film. The contribution of the amorphous background from the Quantifoil carbon membrane was measured separately in a graphene-free region and was subtracted from the first spectrum. The Raman spectra are shown in figure 11 .
It is seen from the Raman spectrum recorded from the sample with low flake density that the graphene is single or bi-layer, evidenced by the ratio of the G peak to the 2D peak and by the shape of 2D peak [40] . The D peak corresponds to defects in graphene. Our experimental setup is similar to the setup when free standing graphene is measured: about half of the area illuminated by the Raman laser was above a hole in the holey carbon membrane and thus directly comparable to freestanding graphene samples. In exfoliated graphene under similar conditions, no D peak was detected [41] . The very small D peak in our Raman spectrum as compared to the free-standing-graphene grown on copper with CVD [42] suggests that only a few defects are present in our graphene layer. These defects can correspond to the grain boundaries of the few small grains in the graphene found by our HRTEM investigations (figure 10.a).
Discussion
The use of hydrogen during the cooling period removes the loosely bound (probably amorphous) carbon from the surface. The hydrogen can have two effects during cooling. First, it presumably accelerates the cooling due to its higher thermal conductivity. However, merely an increased cooling rate did not result in a disappearance of or reduction in the quantity of the amorphous carbon. Even more important effect of hydrogen is that it creates chemical bonds with the weakly bonded carbon atoms and forms methane, so it can take the carbon away from the sample surface. 5% hydrogen was used in the cooling gas because introduction of more hydrogen (25%) did not change significantly either the density or the size of flakes.
The effect of hydrogen flow is more complex during deposition [43] .
Nickel is a good catalyst, so the methane can decompose on its surface. After decomposition the freed-up carbon can dissolve into the nickel, or can desorb again [37, 44] , or may remain on the surface and start to form graphene. In the entire examined parameter range the formation of continuous, large area single layer graphene was observed. Between the nickel and the graphene there is a stronger interaction than between two graphene layers [21, 45] .
Epitaxial growth of graphene on the Ni (111) is not against expectations, since there is good registry between graphene and the Ni (111) lattice. Additionally, the attraction between graphene and Ni is stronger than between two graphene layers. In contrast to that, the flakes can grow turbostratically on top of the coherently grown graphene. The graphene forms directly on the nickel before the flakes start to grow. For the flakes to be formed above the graphene the carbon atoms have to diffuse through the graphene and that diffusion is usually very slow if the graphene is perfect [46] [47] . Consequently, diffusion can mainly happen through grain boundaries or at other defected locations in the graphene layer. However, certain metals (Pt, Pd, Au, Ni and Co) which were evaporated on graphene can diffuse through the graphene layer grown on SiC or Ru (111) even if the graphene is perfect, as it was shown in the literature [48] [49] . That penetration is possible because the metal can get to an energetically more favorable position between the graphene and the substrate than it has on top of the graphene [48] [49] . However, carbon behaves differently from those metals and it is not accumulating between the graphene and the nickel. On the contrary, it segregates on the free surface of the graphene, opening the way to the formation of the flakes and the amorphous patches on top of the graphene. Our AFM observations are interesting, because they are different from the results detected by others. On the basis of LEED-based literature, the second graphene layer formed between the substrate and the first continuous layer of graphene in the case of Cu [50] , Ir (111) [51] and Ni (111) substrates [52] . because the strong Ni-graphene bonds have to be broken during the growth of the second layer, as those authors assume, and before the 3rd layer forms the second layer covers the surface of the substrate [52] . Their different observation does not contradict ours, because the growth parameters are different in our case (i.e. they deposited the carbon in vacuum and they didn't mention the use of hydrogen). Growth of carbon on the nickel (111) surface resembles the Stranski-Krastanow (S-K) growth mode [53] . The S-K growth mode starts with a 2D grow, in our case a single layer graphene is formed on the top of the nickel substrate, later it turns into a 3D growth, where three dimensional multilayer islands are formed [54] [55] . The main driving force for the 2D growth is the good wetting between the Ni (111) and the graphene.
The first continuous layer stores elastic energy due to the misfit. In order to moderate the increase of the stored elastic energy with the increasing number of layers the subsequently nucleated layers grow in islands which results in a 3D growth.
The nickel dissolves carbon well at the deposition temperature (900C). The quantity of the dissolved carbon depends on the experimental parameters used during the deposition (temperature, hydrogen and methane gas flow, deposition time). The presence of carbon on the surface of nickel can slow down the decomposition of methane, so the dissolution rate of carbon into Ni not only limits the quantity of carbon dissolved in the Ni substrate but also controls the quantity of the adsorbed free carbon on the surface of Ni. Since grain boundaries manifest a fast diffusion path, these locations both store more carbon during deposition and emit more carbon during the cooling period. After a longer deposition time it is seen that the size of the flakes increases above the defects in the nickel substrate, especially above high energy (30°) grain boundaries and incoherent twin boundaries, as evidenced by our EBSD studies. It is interpreted as the consequence of enhanced local emission of carbon above areas where the diffusion is faster than in the bulk substrate. According to the literature, the diffusion of copper in nickel is 2.5 times higher through twin boundaries than in the bulk [56] .
We assume that diffusion of the smaller carbon atoms must also be enhanced similarly through incoherent twin boundaries, since the atomic radius of carbon is 70 pm, while that of copper is 135 pm. No similar enrichment in carbon has been observed above coherent twin boundaries in the Ni substrate. The larger flakes are formed above incoherent twin boundaries of the substrate.
When the cooling velocity was decreased neither the flake size nor the flake density did change significantly but the flakes became thinner (figure 3, sample 2). The flakes grow thinner, because at a slower cooling the hydrogen has more time to take away the unbound carbon atoms from the top of the flakes before they can reach enough quantity to nucleate a new atomic layer and thicken the flake.
The higher methane flow rate during deposition also results in a smaller number of larger and thinner flakes ( figure 3, sample 5 ). The carbon concentration on the surface will be uniformly higher during deposition with the relative increase of methane (and the concomitant relative decrease of the hydrogen), because the carbon will re-form into methane with smaller probability on the nickel surface and that larger amount of carbon is solved in the Ni substrate.
During the cooling period precipitation of that higher amount of dissolved carbon will result in higher average carbon concentration on the surface and it will start to nucleate flakes in more points and as a consequence of the increased nucleation density, smaller flakes will be formed. However, the larger number of small flakes results in a larger coverage (Table 1) .
Decreasing the deposition temperature to 900°C has double effect when the hydrogen flow is kept at the lower rate (1.7 l/min). At lower temperature both the catalytic efficiency of the nickel is reduced and the diffusion is decreased, so lower amount of carbon is dissolved into the Ni substrate. In addition to that, the surface diffusion will also be slower at the beginning of the cooling period (as compared to the case when cooling starts from higher temperature) and the carbon mobility will also be lower on the surface. So, the nucleation starts in more points and the flakes grow smaller but their density will be higher [57] , as shown by between them and, due to that the number density of flakes is much smaller.
Conclusions
Presumably, at the temperatures used during deposition (≥900°C) carbon is dissolved into the nickel substrate. During cooling the dissolved carbon precipitates and single layer graphene is formed predominantly epitaxially and continuously on the Ni (111) 
